Vagal afferents from the cardiopulmonary region exert a tonic inhibition on the vasomotor center. This is demonstrated by constriction of systemic resistance and splanchnic capacitance vessels and by increased output of renin when the vagi are cut or blocked. In dogs, removal or selective denervation of organs showed that receptors in the lungs, the atria, and the ventricles each are responsible for the vasomotor inhibition. That this inhibition is due to nonmedullated vagal afferents (C fibers) was demonstrated by selective cooling of the vagi, anodal block of medullated afferents, and selective electrical stimulation of medullated and nonmedullated fibers. In the open-chest cat the discharge frequency of individual C fibers is sparse and irregular (mean, 1.4 impulses/ sec) but increases to 10 or more impulses/sec with moderate increases in cardiac filling pressure and exhibits cardiac rhythmicity or is continuous throughout the cardiac cycle. The inhibition of sympathetic vasomotor outflow effected through the cardiopulmonary receptors is inversely related to that exerted by the arterial baroreceptors. The former receptors have less influence on the muscle circulation than the latter, but have an equal or greater effect on the renal circulation. In summary, receptors in the heart and lungs with nonmedullated vagal afferents are an important component of the integrated neural control of the circulation.
pressure pulse, ventricular receptors are activated in the initial and final periods of ventricular systole, 3 and receptors in or near the coronary arteries are activated mainly during systole in some instances and during diastole in others. 4 The conduction velocity in their afferent fibers ranges from 8 to 30 m/sec, 2 and in the open-chest cat a mean discharge rate of 18 impulses/sec has been recorded. 5 
Cardiac Receptors with Nonmedullated Vagal Afferents
Atrial receptors with nonmedullated vagal afferents first were described by Coleridge et al. 6 in the dog and cat. Since the conduction velocity of these afferent fibers is less than 2.5 m/sec, they can be classified as C fibers. The receptors are distributed throughout the atria including the interatrial septum. In the open-chest cat under resting conditions, these receptors are silent or have a low rate of discharge (mean 1.4 impulses/sec). When atrial pressure is increased by transfusion or by occlusion of the outflow tract, the discharge increases with the increase in atrial pressure. The threshold for activation of the right atrial receptors is about 2-3 mm Hg and for the left 5-12 mm Hg. 7 By comparison, atrial receptors with medullated afferents, which also show an increase in discharge frequency as atrial pressure is increased, have a much higher frequency of discharge at similar atrial pressures ( Figs. 1 and 2 ).
Ventricular receptors with nonmedullated vagal afferents have been found widely distributed in the right and left ventricles and in the interventricular septum of cats and dogs." 1 8 ' 1 1 Like the atrial receptors with C fiber afferents, under resting conditions the rate of discharge is low (mean 0.9 impulses/sec). 12 When the end-diastolic pressure is increased by transfusion or by obstruction of the outflow tract, the discharge increases with the increase in end-diastolic pressure (Fig. 3 ).
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CARDIAC VAGAL C FIBERS/Thoren et al. The receptors with medullated afferents appear to be concentrated at the vein-atrial junction whereas those with nonmedullated afferents are widely distributed throughout the heart. The sparse and frequently irregular discharge of the latter under resting conditions in the open-chest cat might suggest that these receptors have little influence on the cardiovascular system in normal circumstances. However, in the cat, about 75% of the vagal afferents trom the heart are nonmedullated"; this could mean that the aggregated input of the C fiber receptors constitutes an important signal to the vasomotor center. It is also likely that with the greater cardiac volume in the intact conscious animal, there would be a higher resting C fiber discharge.
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Interruption of Afferent Input from the Cardiopulmonary Receptors
Interruption of afferent vagal traffic from the cardiopulmonary region when the arterial baroreceptors are free to respond to changes in systemic arterial pressure generally evokes only a small response from the heart and circulation. When, however, the influence of the arterial baroreceptors is eliminated, block of cervical vagal traffic by cooling in the anesthetized cat, rabbit, and dog results in a rise in blood pressure, tachycardia, and constriction of the resistance vessels of skeletal muscle, intestine, and kidney and of the splanchnic capacitance vessels. There is no change in the tone of the cutaneous veins. The vasoconstriction is unaffected by atropine or section of the vagi at the diaphragm and is due to an increase in sympathetic adrenergic activity. IS ' 1 * Thus, receptors in the cardiopulmonary region subserved by vagal afferents exert a tonic inhibition on the central neurons controlling the sympathetic outflow to resistance and capacitance vessels, with the exception of the cutaneous veins.
To determine whether all or only parts of the cardiopulmonary region are involved in the tonic vasomotor inhibition, the following conditions were instituted in anesthetized sino-aortic denervated dogs with diaphragmatic vagotomy.
The caval venous return was oxygenated extracorporeally and returned to the aorta and the heart was removed, leaving the ventilated lungs. Using the same extracorporeal circuitry, the lungs and the ventricles were removed, leaving the beating atria perfused via the coronary arteries. With the venous return taken from the pulmonary arteries, oxygenated extracorporeally, and returned to the left atrium, the lungs were removed and the atria were denervated, leaving the working innervated ventricles. In each situation vagal cooling resulted in an increase in aortic blood pressure ( Fig. 4 ). Thus, receptors in the lungs, the atria, and the ventricles each are responsible for a vagally mediated tonic inhibition of the vasomotor center."
To examine the interaction between the cardiopulmonary and the carotid sinus receptors, the effect on aortic blood pressure of interrupting afferent vagal traffic from the cardiopulmonary region at different sinus pressures during normovolemia and hypervolemia was studied in dogs. During normovolemia, there was no response to vagal cooling at a sinus pressure of 220 mm Hg. As the sinus pressure was reduced to 200 mm Hg, a small increase in pressure occurred with vagal cooling; this became greater as the sinus pressure was further reduced to reach a maximum at sinus pressures between 100 and 50 mm Hg ( Fig. 5 ). After the activity of the cardiopulmonary receptors was increased by hypervolemia, there was still no response to vagal cooling at a sinus pressure of 220 mg Hg, but at lower pressures the increase in blood pressure with vagal block was greater than during normovolemia. A similar pattern of interaction between the cardiopulmonary reflex and the carotid sinus reflex was displayed by the hindlimb and the renal vascular beds. 18 The inability of the cardiopulmonary receptors to affect the cardiovascular system when the arterial baroreceptors are activated maximally would suggest that the afferent fibers from the cardiopulmonary and carotid mechanoreceptors converge on the same neuronal pools within the vasomotor center.
The ability of the cardiopulmonary as compared to the carotid sinus receptors to effect compensatory cardiovascu- lar adjustments to blood loss has been examined. In anesthetized cats with normally functioning arterial baroreceptor reflexes, the contribution of the vagal cardiac receptors was insignificant. After section of the aortic and carotid sinus nerves a 10% decrease in blood volume resulted in tachycardia and increases in resistance in muscle and renal vascular beds, particularly in the latter. 19 In anesthetized dogs with aortic nerves cut, hemorrhage of 10% of the blood volume decreased the blood pressure by 13%. With only the carotid baroreflex operative, only the vagal reflex operative, or neither of these reflexes operative, the decreases in arterial pressure were 18%, 24%, and 42%, respectively. 20 •With only the carotid or the vagal baroreflex operative, hemorrhage caused similar degrees of renal and mesenteric vasoconstriction and of splenic contraction. In contrast, the constriction in the hindlir.ib was less in the latter circumstance ( Fig. 6 ).
Thus, the cardiopulmonary receptors subserved by vagal afferents participate in the circulatory adjustment to hemorrhage but their importance in the support of blood pressure is less than that of the carotid baroreceptors, due to the lesser influence of the former on the muscle resistance vessels.
In anesthetized cats with their aortic nerves sectioned, Oberg and White 19 found that occlusion of the common carotid arteries decreased blood flow to a hindlimb and a kidney perfused at constant pressure by 53% and 19%, respectively; when the vagi were blocked during the carotid occlusion there was a further decrease in hindlimb flow but the decrease in renal flow was twice as great as that caused by carotid occlusion. In a similar type of experiment conducted in anesthetized dogs with their aortic nerves sectioned, carotid baroreceptor activity was abruptly changed from maximal to minimal by reducing the pressure within the isolated sinus from 220 to 40 mm Hg. Vagal cold block then was instituted. Of the total decrease in hindlimb blood flow, 83% was due to withdrawal of carotid baroreceptor inhibition and 17% to withdrawal of the inhibition exerted by the cardiopulmonary receptors. In the kidney, removal of carotid and of cardiopulmonary inhibition contributed equally to the total decrease in blood flow. When the activity of the cardiopulmonary receptors was increased by augmenting the blood volume, the proportion of the total decrease in renal and hindlimb blood flow due to vagal block was augmented ( Fig. 7) . Withdrawal of cardiopulmonary inhibition now made the greater contribution to the total decrease in renal blood flow, but still the lesser contribution to the decrease in hindlimb blood flow. 21 Little et at. 22 have reexamined the relative influence of the carotid sinus baroreceptors and cardiac receptors on the renal and skeletal muscle circulation of the cat. The maximal reflex response of the renal vessels obtained with right cardiac nerve stimulation was equal to that due to baroreceptor stimulation by exposing the isolated carotid sinus to a nonpulsatile pressure of 250 mm Hg; the maximal reflex response of the skeletal muscle vessels when the cardiac nerve was stimulated averaged 66% of that resulting from baroreceptor stimulation.
In the dog 21 and rabbit 28 the increase in renal vascular resistance due to vagal block is 2-to 4-fold greater during hypercapnia than in normocapnia; the increase in resistance of the muscle vessels due to vagal block is similar in both situations. Also in the rabbit, hypercapnia augments the vasomotor inhibition of renal and skeletal muscle resistance vessels exerted by the aortic arch baroreceptors, the effect on the renal vasculature being the more pronounced. This study shows, in addition, that in the kidney the cardiovascular receptors can severely limit the vasoconstriction due to withdrawal of the inhibition exerted by the aortic baroreceptors during both normocapnia and hypercapnia. This is in contrast to the muscle vessels where withdrawal of aortic baroreceptor inhibition results in a pronounced increase in vascular resistance, even when the inhibitory infleunce of the cardiopulmonary receptors is augmented by hypercapnia. 23 In summary, the cardiopulmonary mechanoreceptors like the arterial baroreceptors exert an inhibitory influence on the resistance and capacitance vessels of the systemic circulation. However, there is a quantitative difference between these reflex systems in that the muscle vasomotor fibers are less engaged by the cardiopulmonary than by the arterial barorececeptors.
Effect of Distention of the Cardiac Chambers
On the assumption that the cardiac receptors are activated by stretch, the chambers of the heart have been distended by obstruction of the appropriate outflow tract or by inflation of a balloon placed within a particular atrium or ventricle.
Distention of the left ventricle consistently results in a generalized dilation of systemic resistance vessels, an increase in systemic vascular volume, and a reduction in heart rate. 24 " 28 The afferent pathway of the reflex is the vagal nerves and the dilation is due solely to inhibition of adrenergic vasoconstrictor fiber activity. The bradycardia, particularly evident in the cat, is due almost entirely to vagal activation. 26 Either distention of the right ventricle has no effect on the cardiovascular system or the reflex responses are small and inconsistent. 25 In contrast to the consistent vasodepressor responses from distention of the left ventricle, the response from the atria depends on the site of distention. When in dogs small balloons are inflated at the junction of the pulmonary veins with the left atrium, or the superior vena cava with the right atrium, there is an increase in heart rate. The vagal nerves contain the afferent fibers of the reflex and the efferent fibers are in the sympathetic nerves. The changes in sympathetic activity appear to be confined to those fibers which innervate the sinoatrial node, since there was no evidence for simultaneous changes in the contractility of the ventricles. 29 It has been suggested 30 and denied 31 that there is a vagal component to the increase in heart rate. The tachycardia is accompanied by a transient vasodilation in the perfused hindlimb and a minor increase in blood flow to the kidney due to withdrawal of sympathetic activity. S2 ' 34 Similar increases in heart rate were obtained with distention of a pouch consisting of a part of the wall of the left atrium together with the pulmonary vein-atrial junctions. The pressure in the main body of the left atrium was unchanged by the distention. In these experiments there was no change or a slight increase in systemic arterial blood pressure. 35 When larger balloons were used to distend the pulmonary vein-left atrial junctions and the inhibitory influence from the aortic and carotid baroreceptors was eliminated, cardioacceleration was noted if the initial heart rate was below 140-150 beats/min and slowing if the initial rate was greater. There was a consistent and marked decrease in systemic vascular resistance. 36 Since tachycardia occurs on distention of those discrete sites in the atria where the complex nonencapsulated receptors with myelinated vagal afferents are numerous, it is reasonable to conclude that these receptors have a unique effect on the sympathetic activity to the sinoatrial node. The change to a vasodepressor response as a larger area of the atrium is distended, might be attributed to activation of C fibers whose endings are much more widely distributed.
Evidence for Role of Nonmedullated Vagal Afferents in Tonic Vasomotor Inhibition
The evidence that nonmedullated vagal afferents are responsible the tonic inhibition of the vasomotor center is derived from three sets of experiments. 
SELECTIVE COOLING OF CERVICAL VAGAL NERVES
In anesthetized rabbits with sinus and aortic nerves cut, cooling of the cervical vagal nerves to 12, 8, 6, and 0°C causes progressive increases in aortic blood pressure. In the same animals, the activity in medullated fibers from the aortic baroreceptors and in pulmonary stretch receptors is blocked at 6°C. Thus, the increase in pressure on vagal cooling from 6°C to 0°C (407o of the total increase in pressure) must be due to blockade of spontaneous activity in the nonmedullated fibers. Whether or not more of the inhibition is due to these fibers or to block of medullated fibers cannot be determined from such experiments. 37 
ANODAL BLOCK OF MEDULLATED VAGAL AFFERENTS
In cats anodal block of medullated fibers was induced by application of a DC current to the cervical vagus, under circumstances where there was no evidence for simultaneous activation or blockade of nonmedullated fibers. The left vagosympathetic trunk, the right aortic nerve, and both carotid sinus nerves were cut. In nine cats with the anodal block alone, there was a mean increase in pressure of 8 mm Hg; interruption of all afferent vagal traffic by cooling caused a mean increase in aortic blood pressure of 38 mm Hg.Thus, 80% of the increase with cooling could be ascribed to interruption of traffic in nonmedullated fibers. In the experiment shown in Figure 8 , renal blood flow was measured simultaneously with the aortic blood pressure. During the anodal block of the medullated fibers there was a slight decrease in renal blood flow; when in addition the nonmedullated fibers were blocked by cooling, a marked decrease of flow occurred despite the increase in systemic arterial pressure.
SELECTIVE ELECTRICAL STIMULATION
In order to analyze the cardiovascular responses to increased activity in medullated and nonmedullated cardiac afferents, the central end of the right cardiac nerve of the cat has been stimulated electrically at different intensities and durations. 38 From initial experiments in which the strengthduration curves for the different fiber groups in the cardiac nerve were determined, it was possible to select stimulation characteristics such that the "low threshold" medullated group was selectively and maximally excited. If the carotid and aortic baroreceptors were intact, the stimulation induced only small circulatory responses. These consisted of slight increases in blood pressure, heart rate, and muscle and renal flow resistances. These increases were augmented if the buffering influences of the carotid sinus baroreceptors were minimized by clamping both carotid arteries and if the bulbar cardiovascular centers were inhibited by afferent electrical stimulation of one aortic nerve. By contrast, high intensity stimulation to activate both medullated and nonmedullated fibers caused bradycardia, a decrease in arterial blood pressure, and a dilation of the muscle and kidney vessels, whether or not the arterial baroreceptors were functioning normally (Fig. 9 ).
The combined results of these three sets of experiments indicate that the nonmedullated vagal afferents are responsible for the tonic vasomotor inhibition from receptors in the atria, the ventricles, and the lungs. The tachycardia noted CARDIAC VAGAL C FIBERS/Thorenet al.
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Carotids Occluded Carotids Intact + Intact Aortic N. Stim. n-33 24 20 • Aortic Blood Pressure E2 HeorJ Rofe Nonmedullated C-Fiber Afferents FIGURE 9 . Effect of selective electrical stimulation of afferent fibers in the right cardiac vagal nerve in cats on aortic blood pressure and heart rate. In the first two sets of panels only the medullaled fibers were stimulated and in the last set, both medullated and nonmedullated fibers were activated, n = number of cats. {Data from tiberg and Thoren. 3 ') when only the medullated vagal afferents were stimulated electrically ( Fig. 9 ) is in accord with the increase in heart rate seen with distention of discrete atrial sites where the receptors with medullated afferents predominate.
Role of Cardiac Receptors in Release of Blood-Borne
Agents In addition to their effect on the cardiovascular system and especially on renal hemodynamics, the cardiopulmonary receptors are involved in the secretion of hormones concerned with the regulation of water balance.
In anesthetized vagotomized dogs 3 * and cats, 40 a decrease of carotid baroreceptor activity by occlusion of the common carotid arteries is accompanied by an increase in the plasma concentration of antidiuretic hormone (ADH). High intensity electrical stimulation of afferent fibers in the right cardiac vagal branches inhibited the release of ADH which accompanied the carotid occlusion, whereas stimulation at an intensity sufficient to excite the medullated fibers alone had no such effect. These results suggest that cardiac receptors connected with nonmedullated fibers in the right vagus can inhibit the release of ADH caused by the carotid occlusion. 41 Because these nonmedullated fibers arise in the ventricles as well as in the atria, this suggests that the receptors which exert an inhibitory influence on ADH release are not confined to the atria.
In other studies in which balloons were used to distend the junction between the pulmonary veins and the left atrium in dogs, a diuresis occurred in response to a bloodborne agent. However, the diuresis was not accompanied by a decrease in the antidiuretic activity of the plasma. It was concluded that the blood-borne agent was a diuretic substance. 4 * Further evidence that ADH is not responsible for the diuresis is the fact that it still occurred on stimulation after destruction of the pituitary gland. 43 Stimulation of atrial receptors also often causes an increase in sodium excretion by the kidney, and the finding that chronic cardiac denervation attenuates both the diuretic and natriuretic response to acute volume loading suggests that cardiac afferent nerves contribute to both salt and water homeostasis. 44 Vagal afferents from the cardiopulmonary region exert a tonic restraint on the release of renin by inhibiting the sympathetic outflow to the kidney. This has been demonstrated in dogs with aortic nerves cut and the carotid sinus denervated or maintained at a constant pressure. 46 Bilateral vagal cold block caused an increase in renin output (Fig. 10) . Also, the release of renin in response to hemorrhage is decreased in dogs with chronic cardiac denervation; because the technique used left most of the atrial receptors innervated, these studies suggested that ventricular receptors are implicated in the control of renin release. 46 In another study, however, distention of the right atrium caused a decrease in renin secretion, suggesting that atrial receptors are involved. 47 Whether these responses are mediated by medullated or nonmedullated vagal afferents is not known.
Suggested Role for Cardiac Receptors with Medullated and Nonmedullated Vagal Afferents
RECEPTORS WITH MEDULLATED AFFERENTS
It would appear that these receptors, localized mainly to specific sites in the atria, respond to changes in atrial vol- ume. On stimulation, the circulatory effects are confined to changes in heart rate, due to an increase in activity in the sympathetic fibers to the sinoatrial node. It has been suggested that the reflex maintains relatively constant heart volume by increasing heart rate in response to an increased inflow. 29 
RECEPTORS WITH NONMEDULLATED AFFERENTS
Although in the open-chest animal the spontaneous discharge from these receptors is low, interruption of afferent traffic in nonmedullated fibers with the chest closed indicates that they exert a tonic inhibition of the vasomotor center. This may be due to the fact that these receptors can affect the circulation even at low discharge frequencies as shown by the finding that more than one-half of the maximal response to electrical stimulation of cardiac nonmedullated fibers is obtained at 2 impulses/sec. 22 ' 38 However, their effect varies inversely with the degree of inhibition exerted on the vasomotor center by the carotid and aortic baroreceptors. Thus, during hemorrhage, with its accompanying reduction in intracardiac volume, the combined withdrawal of arterial and cardiopulmonary vasomotor inhibition would result in near maximal reflex vasoconstriction in all vascular beds. On the other hand, in hypotension due to impairment of cardiac function one would expect the influence of the vagal C fiber receptors to offset the vasoconstriction due to reduction in afferent traffic from the arterial baroreceptors, particularly in the renal circulation. This especially would be the case in cardiac distention attended impaired cardiac function. The difference in renal performance in experimental hemorrhagic shock to that in cardiogenic shock supports this concept. Renal blood flow decreased to about 10% of control in the former situation and urine production and concentrating capability deteriorated rapidly and markedly; in cardiogenic shock renal blood flow was maintained at 75% of control, intrarenal distribution of flow remained normal, and urine production and concentrating capability were preserved. 48 
CARDIAC RECEPTORS AND RENAL FUNCTION
Distention of the cardiac chambers and particularly of the left atrium results in a diuresis mediated by vagal afferents. That medullated fibers are involved in this reflex response is suggested by the experiments of Linden. 29 Localized distention of the left atrial-pulmonary vein junctions, an area particularly rich in nonencapsulated nerve endings, results in a diuresis accompanied by an increase in discharge frequency of medullated receptors located at the vein-atrial junctions. Further experiments indicated a blood-borne agent, not ADH, as the efferent mechanism. 42 However, nonmedullated afferents are activated also within physiological ranges of atrial pressure, so that although there is reason to suspect that medullated fibers are involved in the diuresis, the point is not proven. Also since cardiac C fibers have been shown to influence the sympathetic outflow to the kidney, these receptors could reflexly modify kidney function either through changes in renal hemodynamics, or in the handling of sodium, or through the renin-angiotensin-aldesterone system. 45 However, it should be recognized that cardiopulmonary vagal afferents are only one of several systems which affect renal function, and further, that in this system the question of which vagal afferent fibers are involved remains unsettled.
